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行った。                                      
 第 2章ではナノシェル形成能を有するFeとナノシェルを形成しないCuを添加して調製
した NSCC の構造と ORR 活性を評価した。Fe-Cu を添加して得られたカーボンの ORR







い NSCCに含まれるナノシェルの表面に湾曲した網面の形成を確認した。         
 第 3 章では NSCC 原料へのケッチェンブラック（KB）、酸化黒鉛（GO）および気相成
長炭素繊維（CF）を添加して調製した NSCCの構造と ORR活性を評価した。得られた試
料の ORR活性は、添加したカーボンの種類によって異なった。KBや GOを添加した試料
は、何も添加せずに調製した試料よりも高い ORR 活性を示したが、CF の添加は ORR 活
性を低下させた。添加物が ORR 活性を変化させた要因を明らかにするために、①重量比
率を変えて GO を添加、②酸化および高温熱処理した KB を添加したカーボンを調製し、





見られた。                                     
 第 4章ではメカノケミカル処理を用いて調製した NSCCの構造と ORR活性について評
価した。その結果、500℃熱処理およびメカノケミカル処理した NSCC 前駆体から調製し
た NSCCは、従来の調製方法、または 500℃熱処理およびメカノケミカル処理を単独で用
いて調製した NSCC よりも高い ORR 活性を示した。さらに、500℃熱処理およびメカノ
ケミカル処理は、表面に湾曲した網面を多く有するナノシェルを与えることを確認した。  





を確認した。                                    
 本論文を通して、湾曲した網面が ORR 活性発現の要因であることが明らかになり、高
い ORR 活性を示すカーボン触媒を得るためには、湾曲した網面を導入すべきことを示し
た。これらの結果は、固体高分子形燃料電池の実用化やカーボンをベースとした触媒化学
の発展に貢献するものである。                           
                                         
                                         
                                         
                                         
                                         
                                         
                                         
                                         
【Abstract in English】 
        Hydrogen-based society as one of the sustainable society has been expected to 
solve the environmental problems. The hydrogen society is a system using hydrogen 
gas as energy carrier. To achieve the hydrogen-based society, popularization of the 
polymer electrolyte fuel cells (PEFCs) is required. The PEFCs are the clean device due 
to this device produce the electrical power from hydrogen and oxygen, and emit the 
only water. However, PEFCs have the disadvantage that the reaction rate of the 
oxygen reduction reaction (ORR) in the cathode is too slow, hence platinum is required 
as the catalyst for ORR. Employment of the platinum catalyst has increased the prices 
of the PEFCs and prevented popularization of these.                                                 
        Our laboratory has developed the carbon alloy catalysts based carbon-atoms 
as the non-platinum ORR catalysts. Nanoshell-containing carbons (NSCCs) are one of 
the carbon alloy catalysts. The NSCCs have the spherical hollow carbon layers 
(nanoshells) formed by catalytic graphitization activity of transition metals added to 
precursor, and show the electrochemical activities for ORR. However, the more 
improvement of the ORR activity is required in order to employ the carbon alloy 
catalysts. Therefore, the structure of the active-sites for ORR was investigated in 
order to prepare the carbon alloy catalysts with the high ORR activities. The 
objectives of this study are to specify the active-sites structure by investigation of 
affinity of the carbon alloy catalysts with the high ORR activities (2nd – 4th chapter) 
and evaluation of the ORR activities of carbon nano-onion used as a model material of 
curved-graphitic layer (5th chapter).                                     
        In the 2nd chapter, the structures and the ORR activities of the NSCCs 
prepared by addition of Fe as graphitization-catalyst and Cu with no 
catalytic-graphitization activity was investigated. Consequently, the 
development-degree of nanoshells was controlled by changing of Fe-Cu weight ratio. 
The sample prepared by addition of Fe-Cu (Fe : Cu = 25 : 75) showed the highest ORR 
activity. This carbon had the curved-graphitic layers on the nanoshells observed by 
transmission electron microscopy (TEM) more frequently than NSCCs prepared by 
conventional procedure.                                                           
        In the 3rd chapter, we investigated that the structures and the ORR activities 
of the NSCCs prepared by addition of carbon powder such as Ketjen black (KB), 
graphite oxide (GO) and vaper grown carbon fiber (CF). Therefore, the addition of the 
KB and the GO improved the ORR activities of the carbonized samples, while the 
sample added the CF showed the lower ORR activity than the conventional NSCC. 
The ORR activities of the samples added GO depended on amount of GO, and showed 
the peak at 40%-GO. The addition of the KB improved the ORR activities of 
carbonized samples as with the GO. The addition of the GO and KB inhibited the 
formation of the nanoshells, and gave the carbons with the curved-graphitic layers. 
These carbons showed the higher ORR activities than the NSCC prepared by 
conventional way.                                                                 
        In the 4th chapter, the structures and the ORR activities of the NSCCs 
prepared by using the mechanochamical-treatment (M-treatment) were evaluated. In 
consequence, the sample prepared from the 500°C-treated and M-treated precursor 
showed the higher ORR activity than the conventional NSCC and the sample prepared 
from 500°C-treated or M-treated precursors. This sample showed the curved-graphitic 
layers on the nanoshells.                                                                      
        We suggested that the curved-graphitic layer shows the ORR activity as 
mentioned the 2nd - 4th chapter. In the 5th chapter, we evaluated the ORR activity of 
the curved-graphitic layer by using the onion-like carbon as model material. The 
onion-like carbons with different ratio of the onion-like-structure in samples was 
prepared. The ORR activities depended on ratio of the onion-like-structures in samples. 
This result indicated that the onion-like-structures show the ORR activity.                                                           
        These results concluded that the curved-graphitic layers have the ORR 
activity, and clarified that introduction of curved-graphitic layers is required in order 
to obtain the carbon alloy catalyst with the high ORR activity. These conclusions 
contribute the popularization of the PEFCs and development of catalytic chemistry 
based on carbon atoms.                                                                          
                                                                                 
                                                                                 
                                                                                 
                                                                                 
                                                                                 
                                                                                 
                                                                                 
                                                                                 
                                                                                 
                                                                                 
                                                                                 
                                                                                 
                                                                                 
                                                                                 
